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Acute infection of CD41 lymphoid cells by human immunodeficiency virus type 1 (HIV-1) induces an increase in the
intracellular concentration of potassium (K1). Media containing reduced or elevated concentrations of K1 were used to
investigate the role of this ion in HIV-1 production and cytopathology. Incubation of CD41 lymphoblastoid cells acutely
infected by HIV-1 (strain LAI) in low K1 medium resulted in an approximately 50% decrease in HIV-1 production and markedly
diminished HIV-1 induced cytopathic effects (CPE) relative to cells incubated in medium containing a normal K1 concen-
tration (approximately 5 mM). Incubation of HIV-1 infected cells in media containing elevated concentrations of K1 (25 to 50
mM) increased HIV-1 production by two- to fivefold over the amount produced in cells incubated in normal K1 medium. Cells
incubated in high K1 media also displayed enhanced HIV-1-induced cytopathology. The decrease in HIV-1 production by low
K1 medium and increase by high K1 media could not be accounted for by effects on HIV-1 reverse transcription. However,
low K1 medium inhibited HIV-1 protein synthesis and high K1 media increased HIV-1 protein synthesis. These results
suggest that the HIV-1–induced increase in intracellular K1 concentration is required for efficient viral replication and to
induce cytopathology. © 1998 Academic Press
INTRODUCTION
Infection by cytolytic viruses can result in alteration of
the plasma membrane and changes in the intracellular
content of ions and other small molecules (Garry and
Waite, 1979; Garry et al., 1979, 1988; Ulug et al., 1989).
This ionic modulation appears to trigger conformational
changes in virion proteins required for virion uncoating,
penetration, assembly, budding or maturation, or for ac-
tivation of viral transcriptases (Waite and Pfefferkorn,
1970; Borsa et al., 1973; Ulug et al., 1989; Pinto et al.,
1992; Zhang et al., 1996; Dornadula et al., 1997). Ion-
driven osmotic cell swelling appears necessary for cell–
cell fusion mediated by paramyxoviruses, myxoviruses,
and herpesviruses (Knutton and Bachi, 1980; Bashford et
al., 1986; Pritzen and Hermann, 1988; Baghian and Kou-
soulas, 1993). Changes in intracellular ion concentra-
tions induced by lytic viruses may promote preferential
translation of viral mRNA, shut off of host cell macromo-
lecular synthesis or induce cytopathic effects (CPE)
(Garry and Waite, 1979; Garry et al., 1979, 1988; Alonso
and Carrasco, 1981; Castrillo et al., 1987; Garry, 1994).
Prior studies have suggested that HIV-1–induced CPE
are mediated in part by alterations in intracellular ion
concentrations (Garry, 1989b; Makutonina et al., 1996;
Voss et al., 1996a,b).
HIV-1–induced cytopathology appears to contribute to
the decline in the numbers of CD41 T-lymphocytes in
AIDS patients. Loss of these important immunoregula-
tory cells can result in diminished immune function,
increased susceptibility to opportunistic infections, and
development of the otherwise rare malignancies charac-
teristic of AIDS. HIV-1–induced cytopathology in cultured
CD41 T-cells is characterized either by fusion of the
plasma membranes of infected cells with other CD41
cells to form multinucleated (syncytial) cells or by death
of single cells (Rasheed et al., 1986; Somasundaran and
Robinson, 1988; Stevenson et al., 1988; Garry, 1989
Haussinger and Lang, 1991; Fermin and Garry, 1992;
Gallaher et al., 1992). Most HIV-1–infected multinucle-
ated and single cells are incapable of maintaining via-
bility due to an irreversible expansion in volume referred
to as ‘‘balloon degeneration.’’ When the volume of HIV-
1–infected cells increases beyond the limits of the
plasma membrane, loss of membrane integrity and death
by lysis ensues. HIV-1 increases the intracellular con-
centrations of potassium (K1) and sodium (Na1), which
have a major role in cell volume regulation (Garry, 1989;
Voss et al., 1996a,b). Syncytium-inducing (SI) cytopathic
strains of HIV-1 induce greater increases in the intracel-
lular concentrations of K1 and Na1 ([K1]i and [Na1]i)
than less cytopathic HIV-1 strains (Garry, 1989; Makuto-
nina et al., 1996; Voss et al., 1996a). HIV infection also
results in a reduction in intracellular pH and changes in
the permeability of the plasma membrane to calcium
(Ca21) (Lynn et al., 1988; Cloyd et al., 1989; Cloyd and
Lynn, 1991) and other small molecules (Makutonina et
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al., 1996; Gatti et al., 1998). Some cells infected by HIV-1
die from apoptosis (or programmed cell death), which
involves activation of a Ca21-dependent endonuclease
(Laurent-Crawford et al., 1991; Terai et al., 1991; Lewis et
al., 1994; Plymale et al., submitted).
The HIV-1–induced modifications of the intracellular
ion concentrations may influence both viral replication
and induction of cytopathology. As is the case with other
lytic viruses, various steps in HIV-1 replication may pro-
ceed more efficiently in the altered intracellular ionic
environment present in the infected cells. To test this
hypothesis, HIV-infected cells were incubated in altered
K1 media, which have been demonstrated to change the
intracellular concentrations of K1 (Garry and Bostick,
1986; Garry, 1994). Our results provide evidence that the
alterations in K1 induced by HIV-1 promote HIV replica-
tion and cytopathology.
RESULTS
HIV-1–induced cytopathic effects in T-lymphoblastoid
cells incubated in medium containing high and low
K1 concentrations
The present studies were undertaken with media con-
taining various concentrations of K1, which alters intracel-
lular K1 (Garry and Bostick, 1986), to define the role of K1
in HIV-1 production and induction of cytopathology. RH9
T-lymphoblastoid cells were infected with HIV-1 strain LAI
(HIV-1LAI) at a multiplicity of infection (m.o.i.) of 4 or mock-
infected. At 2 days p.i., HIV-1–infected RH9 cells were
washed and incubated in medium containing various con-
centrations of KCl from 0 to 100 mM. HIV-1–infected cells
incubated in the medium containing normal K1 concentra-
tion (approximately 5 mM) demonstrated single cell bal-
looning and syncytium formation, typical of the CPE in-
duced by this prototypic cytopathic strain of HIV-1 (Fig. 1A
and 1D). HIV-1–infected cells incubated in K1 free medium
(no added K1) did not demonstrate the morphological
changes of HIV-1–induced cytopathology (Fig. 1C). In con-
trast, incubating HIV-1–infected RH9 cells in media contain-
ing higher than normal concentrations of K1 (25 to 75 mM)
displayed enhanced cytopathic effects characterized by
more numerous and larger syncytial cells and more exten-
sive single cell killing relative to cells incubated in medium
containing a normal K1 concentration (Fig. 1E–1G). Cells
exposed to increased concentrations of Na1, another ma-
jor monovalent cation in eukaryotic cells, increased the
osmolality of the media bud did not increase cytopathic
effects (data not shown). These results suggest that the
modification of K1 in HIV-1–infected cells plays a role in the
development of cytopathology. RH9 cells incubated in me-
dia containing 0 to 75 mM K1 maintained cell viabilities
over 90%. HIV-1–infected cells incubated in medium con-
taining 100 mM K1 did not display enhanced cytopathol-
ogy, however, greater than 90% of cells incubated in this
medium were no longer viable (Fig. 1H). Osmotic effects
could contribute to the lower overall viability in cells ex-
posed to medium with 100 mM K1.
HIV-1 production in T-lymphoblastoid cells incubated
in medium containing high and low K1
concentrations
To determine whether K1 affected HIV-1 production,
RH9 T-lymphoblastoid cells were infected with HIV-1LAI
(m.o.i. of 4) or mock-infected, and at 2 days p.i., the normal
medium was replaced with media containing various con-
centrations of KCl between 0 and 75 mM. At 3, 5, and 7 days
p.i., HIV-1 production was monitored by HIV-1 antigen cap-
ture ELISA. Forty to 50% lower levels of HIV-1 production
were observed in HIV-1–infected cells incubated in K1-free
medium compared with control medium (5 mM K1) at days
5 and day 7 p.i., times that encompass a single round of
viral replication (Fig. 2A). In contrast, increasing K1 con-
centrations in the growth media increased production of
HIV-1 proteins at 5 and 7 days p.i. during acute infection.
Typically, medium containing 25 to 75 mM K1 increased
HIV-1 production approximately threefold in a single round
of replication, but in several experiments the increase was
fivefold. Similar effects of altered K1 medium on HIV-1
production was observed after infection at various m.o.i.
The altered HIV-1 production was specific to the K1 con-
tent of the medium and did not depend on the osmolality
(for example if Na1 was increased instead of K1, data not
shown).
Because experiments performed in an established cell
line with a laboratory isolate of HIV may not represent
K1 effects on HIV-1 production in primary cells, we
defined the effect of altered K1 media on production of
a syncytium-inducing primary HIV-1 isolate grown on
peripheral blood mononuclear cells (PBMC). We ob-
served a decrease (80%) in HIV-1 production in infected
PBMC incubated in K1-free medium compared with nor-
mal K1 medium (Fig. 2B). We also observed a greater
than fivefold increase in production of this primary iso-
late in PBMC cultured in medium containing 25 mM K1
and a greater than 15-fold increase in cells incubated in
50 to 75 mM K1 medium at both 5 and 7 days p.i.
A small percentage of RH9 cells acutely infected HIV-1
survive and proliferate to form a chronically infected
FIG. 1. Alteration of HIV-1–induced cytopathic effects in acutely infected RH9 T-lymphoblastoid cells incubated in media containing altered K1
concentrations. RH9 T-lymphoblastoid cells were infected with HIV-1LAI at a m.o.i. of 4 or mock-infected. At 2 days p.i., HIV-1–infected RH9 cells were
incubated in media containing various concentrations of K1 from 0 to 100 mM. After 5 days, cells were examined by light microscopy. (A) RH9 cells
infected in standard RPMI (5 mM k1); (B) mock-infected; (C) 0 mM K1; (D) 5 mM K1; (E) 25 mM K1; (F) 50 mM K1; (G) 75 mM K1; (H) 100 mM K1.
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culture, and infectious virus is continuously produced by
these persistently infected cells. To determine whether
or not altered K1 media could influence this rate, cul-
tures of RH9 cells persistently-infected by HIV-1LAI were
incubated in media containing altered concentrations of
K1 from 0 to 75 mM. After 3 days, supernatants were
harvested and HIV-1 production was quantitated by
ELISA. As in acutely infected cells, RH9 cells persistently
infected with HIV-1 demonstrated a reduction in HIV-1
production after incubation in K1 free medium, in this
case approximately 40%. Relative to cells incubated in
medium containing normal K1 concentration, persis-
tently infected cells also demonstrated a 0.5- to 1.7-fold
increase in viral production in the presence of higher
than normal K1 medium concentrations (Fig. 2C), more
modest increase than observed in acutely infected cells.
Alteration of HIV-1 proviral DNA production in cells
incubated in media containing altered K1
concentrations
Quantitative DNA PCR was performed to determine
whether changes in the accumulation of proviral DNA
could account for the decrease in HIV-1 production in-
duced by K1-free medium or the increase in HIV-1 pro-
duction induced by high K1 medium. Oligonucleotide
primer pair M667/M661, which amplifies sequences in
the LTR/gag region flanking the viral transfer RNA primer
binding site of the HIV-1 genome was used. To generate
an amplified PCR product with these primers, contiguous
59 LTR and gag sequences must be present. Thus, full-
length or nearly completely synthesized viral DNA is
required to amplify the 200-bp PCR product with this
primer pair. Incubation in K1-free media increased (ap-
proximately twofold) rather than decreased the amounts
of HIV-1 DNA that accumulated by 24 h p.i. relative to the
amount synthesized at the normal concentration of K1.
By 5 days after infection there was a modest decrease
(approximately 25%) in the accumulation of HIV-1 proviral
DNA in K1-free medium. These results suggest that
decreased synthesis of proviral DNA can only partly
account for the decrease in HIV-1 production induced by
K1-free medium.
High K1 media (25 to 75 mM) resulted in less than
twofold increases in the production of HIV-1 proviral DNA
relative to normal K1 medium by 5 days after acute
infection. One explanation for these modest increases in
HIV-1 proviral DNA synthesis induced by incubation in
high K1 media for 5 days is that the altered media
increased virus production in a spreading infection that
taining altered concentrations of KCl from 0 to 75 mM for 3 days, HIV-1
production was assessed by ELISA. Data in each panel are presented
as the means 6 the standard error of the mean (SEM) of triplicate
cultures. The arrows in this and subsequent figures represent the
normal K1 concentration (approximately 5 mM).
FIG. 2. HIV-1 production from acutely and persistently infected RH9
T-lymphoblastoid cells incubated in altered K1 medium. (A) RH9 T-
lymphoblastoid cells were infected with HIV-1LAI at a m.o.i. of 4 or
mock-infected. At 2 days p.i., HIV-1–infected RH9 cells were incubated
in media containing altered concentrations of K1 from 0 to 75 mM. At
3, 5, and 7 days p.i., HIV-1 production was assessed by HIV-1 antigen-
capture ELISA. (B) PHA-stimulated PBMC were infected with a primary
HIV-1 isolate (92HT596) for 2 days, then incubated in media containing
altered concentrations of K1 from 0 to 75 mM. At 5 and 7 days p.i.,
HIV-1 production was assessed by HIV-1 antigen-capture ELISA. (C)
HIV-1LAI persistently infected RH9 cells were incubated in media con-
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encompassed a second round of viral DNA synthesis. To
test this hypothesis, the effects of altered K1 media
were assessed in RH9 cells infected with replication-
defective HIV-1–gpt pseudotyped with a HIV-1 HXB2 en-
velope glycoproteins. This pseudotyped HIV-1 is incapa-
ble of replication beyond a single cycle. Infectious virions
were obtained by cotransfection of an env-minus proviral
construct HIV-1-gpt, and HIV-1 envelope expression vec-
tor, HXB2-env into COS-7 cells. Virions in supernatants
from transfected cells were allowed to absorb to RH9
cells for 3 h at 37°C, then shifted to altered K1 media.
Cells were harvested at 3 days p.i., lysed, and analyzed
for viral and cellular DNA by quantitative PCR with LTR/
gag primers (M667/M661). Amplification of cellular b-glo-
bin gene was used as an internal control for the PCR
reactions, and the results were expressed as the amount
of HIV-1 DNA divided by the amount of b-globin DNA for
each sample. While low K1 media inhibited and high K1
media increased HIV-1 DNA proviral DNA synthesis in a
single round of replication (Fig. 3), the magnitude of the
effects of these media on proviral DNA production by the
pseudotyped HIV-1 were minimal compared with effects
of the altered media on HIV-1 production. For example,
75 mM K1 medium increased HIV-1 proviral DNA repli-
cation by only approximately 30%, but these same media
increased viral production two- to fivefold (Fig. 2).
The same DNA that was amplified using oligonucleotide
primer pair M667/M661 (LTR/gag) was subjected to PCR
using another oligonucleotide primer pair M667/AA55. This
primer pair is specific for the viral LTR sequences in the
R/U5 region, the first region of the viral DNA synthesized
during reverse transcription. The first 140 bases of HIV-1
minus-strand DNA synthesized following initiation of re-
verse transcription must be reversed transcribed for ampli-
fication by this primer pair, and therefore, virtually all re-
verse transcribed DNA of HIV-1, including partial reverse
transcripts would be detected (Zack et al., 1990). These
primers yielded quantitatively similar results to those ob-
tained with M667/M661 (data not shown), indicating that
virtually all the reverse transcripts proceed to completion in
these altered media.
HIV-1 persistently infected RH9 cells were also washed
and incubated in medium containing various concentra-
tions of KCl from 0 to 75 mM. After 3 days, total cellular DNA
was isolated and quantitated for HIV-1 DNA content by
using LTR/gag primers (M667/M661). The ratios of HIV-1
proviral DNA to b-globin DNA in persistently infected cells
decreased from approximately 1.4 in normal K1 medium to
1.3 in K1-free medium. The ratios in persistently infected
cells incubated in medium containing 25 to 75 mM K1
ranged from 0.9 to 2.3. Thus, the effects of these media on
proviral DNA production by the persistently infected RH9
cells were also of insufficient magnitude to account for
effect on HIV-1 production by either K1-free medium or
high K1 media. The results of these experiments suggest
that the decrease in HIV-1 production by K1-free medium
and the increase in virus production by increased K1
concentrations could not fully be accounted for by effects
on HIV-1 reverse transcription.
Effect of altered K1 media on HIV-1 protein
production
Western immunoblotting was used to determine the
effects of altered K1 media on synthesis of HIV-1
proteins. At 2 days p.i., HIV-1–infected RH9 cells were
exposed to medium containing altered concentrations
of K1 between 0 and 75 mM. At day 5 pi, whole cell
pellets were resolved by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE), and
transferred to nitrocellulose membranes. The mem-
branes were incubated with rabbit antibodies to either
FIG. 3. Effect of altered K1 media on proviral DNA synthesis by
pseudotyped HIV-1. (A) Infectious virions were obtained by cotransfec-
tion of an env-minus proviral construct HIV-1–gpt, and a HIV-1 envelope
expression vector, HXB2-env. Transfection supernatants (60 ng of HIV
antigen) were digested with DNaseI, mixed with Polybrene, and incu-
bated with RH9 cells. After 3 h, the cultures were washed and shifted
to altered K1 media. Infected cells were harvested at 3 days p.i., lysed,
and analyzed for HIV-1 and cellular b-globin DNA by quantitative PCR
performed with primers that amplify HIV-1 proviral DNA (M667/M661;
LTR/gag-specific) or cellular b-globin. Standard curves of HIV-1 DNA
from 50 to 25,000 copies were run in parallel. b-globin–specific primers
were included in each reaction to standardize input cell DNA. Dilutions
of uninfected RH9 DNA were analyzed in parallel as controls. (B) The
amount of HIV-1 proviral DNA to b-globin DNA in each sample was
determined using NIH image software and ratios were calculated.
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HIV-1 gp120, p24, or RH9 proteins (Fig. 4A) or a HIV-
1–positive patient serum (Fig. 4B), and HIV-1 proteins
and reference cellular proteins were quantitated and
analyzed after normalization for total cell protein.
These altered K1 media did not significantly increase
or decrease cell-specified protein synthesis in RH9
(Fig. 4A), as in other cell types (Garry, 1994). Incuba-
tion in K1-free medium resulted in a decrease in HIV
protein production in acutely infected cells (Fig. 4A,
4B, and 4D). In contrast, acutely infected cells incu-
bated in high K1 media demonstrated an increase in
HIV-1 protein production (Fig. 4A, 4B, and 4D). In high
K1 media, Env protein production was increased rel-
ative to major capsid protein (CA) production during
acute infection (Fig. 4A, 4B, and 4E).
The effects of the altered K1 media on HIV-1–specific
protein synthesis were also assessed in HIV-1 persis-
tently infected cells. RH9 cells persistently infected by
HIV-1 were incubated in medium containing altered con-
centrations of KCl from 0 to 75 mM. After 3 days, cell
lysates were prepared and blots were probed with HIV-1
positive patient serum (Fig. 4C). Incubation in K1 free
medium resulted in a decrease in HIV protein production
in persistently-infected cells (Fig. 4C and 4D), and high
FIG. 4. HIV-1 protein synthesis in acutely and persistently infected RH9 T-lymphoblastoid cells incubated in altered K1 media. (A) RH9
T-lymphoblastoid cells were infected with HIV-1LAI at a m.o.i. of 4 or mock-infected. At 2 days p.i., HIV-1–infected RH9 cells were incubated in media
containing altered concentrations of K1 from 0 to 75 mM. At 5 days p.i., cell proteins were separated by SDS-PAGE and electrotransferred to a
nitrocellulose membrane. Equal amounts of cell protein were loaded on each lane. Membranes containing proteins from acutely infected cells were
incubated with rabbit antibodies to HIV-1 gp120 (top), p24 (middle), or RH9 proteins (actin and tubulin) (bottom). The specific binding of these
antibodies was detected using a standard western blotting protocol. (B) Membranes containing proteins from acutely infected cells were incubated
with a HIV-1–positive patient serum to detect viral proteins. (C) HIV-1 persistently infected cells were washed and incubated in medium containing
altered concentrations of K1 from 0 to 75 mM. After 3 days, blots of cell lysates were prepared and probed with a HIV-1–positive patient serum. (D)
The total amounts of HIV-1 specified proteins detected in the experimental depicted in (B) and (C) were quantitated using NIH image software. (E)
The ratios of Env protein (gp160 and 120) to CA (p24) protein detected in the experimental depicted in (B) and (C) were calculated from the values
determined by NIH image.
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K1 media (25 mM KCl) resulted in an increase. In con-
trast to the results in acutely infectious, incubation of
persistently infected cells in high K1 media increased
the synthesis of Gag proteins but decreased synthesis of
Env proteins (Fig. 4C and 4E). These results indicated
that low K1 media inhibits and high K1 media increase
HIV-1 protein expression. However, the effects in acute-
and persistently infected cells are distinct with respect to
production of Env proteins.
DISCUSSION
Cytopathic effects induced by many lytic viruses, in-
cluding HIV, appear to be mediated in part by ions
(Carrasco and Smith, 1976; Garry and Waite, 1979;
Alonso and Carrasco, 1981; Schaefer et al., 1982, 1984;
Castrillo Lopez-Rivas et al., 1987; Garry, 1988, 1989, 1994;
Miller et al., 1991; Carrasco, 1995; Ball et al., 1996). Prior
studies have shown that HIV infection increases the
intracellular concentrations of the major monovalent cat-
ions, K1 and Na1 (Garry et al., 1988; Garry, 1989; Voss
et al., 1996a). Media containing altered concentrations of
Na1 and K1 have been useful tools for examining the
role of ions in induction of cytopathology and other as-
pects of virus replication (Waite and Pfefferkorn, 1970;
Saborio et al., 1974; Bishop et al., 1976; Garry, 1994; Garry
et al., 1979, 1981). Here we show that reducing K1 in the
growth medium of CD41 T-lymphoblastoid cells inhibits
HIV-1 production and diminishes the major HIV-induced
CPE. In contrast, incubation of HIV-1–infected cells in
media containing elevated concentrations of K1 in-
creased HIV-1 production. Cells incubated in high K1
media also displayed enhanced HIV-1–induced cytopa-
thology with larger syncytial cells and more single cell
killing than cells incubated in normal K1 medium. These
results complement prior studies demonstrating that
loop diuretics that block HIV-1 mediated increases in
[K1]i reduce virion production and inhibit CPE (Voss et
al., 1996b). These studies suggest that the HIV-1–
induced modification of monovalent cations in infected
cells are required for efficient viral production and de-
velopment of CPE.
K1 appears to affect a stage in HIV-1 replication that
follows the synthesis of proviral DNA. Low K1 medium
failed to significantly reduce the amount of HIV-1 DNA in
acutely infected cultures, whereas incubation of HIV-1–
infected cells in high K1 medium resulted in only a
modest increase in proviral DNA accumulation. These
results with replication-competent HIV-1 were confirmed
with pseudotyped HIV-1 capable of only a single round of
replication. Thus, the decrease by low K1 medium and
the increase in HIV-1 production by high K1 media could
not be accounted for by effects on reverse transcription.
On the other hand, low K1 medium decreased and high
K1 media increased synthesis of both Env and Gag
proteins during acute infection. These results are con-
sistent with studies demonstrating that K1 is required
for efficient translation of eukaryotic mRNA and that
increases in monovalent ion concentrations inhibit trans-
lation of cellular mRNAs, but stimulate translation of
certain viral mRNAs (Saborio et al., 1974; Carrasco and
Smith, 1976; Garry and Waite, 1979; Garry et al., 1979).
As in acutely infected cells, low K1 medium reduced and
high K1 medium increased HIV production from persis-
tently infected cells and failed to significantly alter the syn-
thesis of proviral DNA in persistently infected cells. How-
ever, low K1 medium decreased and high K1 increased
total synthesis of HIV-1 proteins in persistently infected
cells. These results are consistent with experiments in
acutely infected cells, suggesting that K1 affects a stage in
HIV-1 replication following DNA synthesis and integration
of proviral DNA. The effects of high K1 media in cells
acutely or persistently infected by HIV-1 on synthesis of
individual HIV-1 proteins were qualitatively distinct. Incuba-
tion of HIV-1 acutely infected cells increased the accumu-
lation of Env proteins relative to CA, but Env protein syn-
thesis was reduced in persistently infected cells incubated
in high K1 media. The mRNAs encoding Env and Gag
proteins in acutely and persistently infected cells are prob-
ably identical. Prior studies indicated that media containing
altered concentrations of monovalent cations predomi-
nantly affects the translation step of protein synthesis (Sa-
borio et al., 1974; Carrasco and Smith, 1976; Garry and
Waite, 1979; Garry et al., 1979), and these effects on trans-
lation may be different in cells acutely or persistently in-
fected by HIV. Alternatively, splicing or transport of mRNA
could be affected differently during acute infection and after
establishment of persistent infection. Further studies are
required to define steps in HIV-1 replication that may be
differentially modulated in persistently and acutely infected
cells by changes in the intracellular ionic environment.
In addition to K1, other ions may be involved in vari-
ous aspects of HIV-1 replication. For example, HIV-1
infection increases [Na1]i and decreases intracellular
pH (Makutonina et al., 1996; Voss et al., 1996a). HIV-1 has
also been reported to induce an increase in intracellular
calcium concentration ([Ca21]i early after infection and
prior to synthesis of detectable viral proteins (Cloyd and
Lynn, 1991). Ca21 channel blockers that inhibited the
HIV-1–induced rise in [Ca21]i also reduced HIV-1 produc-
tion, suggesting that Ca21, as well as K1, plays a role in
the HIV-1 replication cycle (Cloyd et al., 1989; Lipton,
1991a). Ca21 may be involved in HIV-1 cytopathogenesis,
and an increase in [Ca21]i may mediate apoptosis, rather
than lysis, in a subset of infected cells (Plymale et al.,
submitted).
HIV-1 infection increases the intracellular concentra-
tions of both K1 and Na1, but not all cytolytic viruses
increase the intracellular concentration of these ions.
Sindbis virus, an alphavirus, and poliovirus, a picornavi-
rus, decrease [K1]i and increase [Na1]i (Garry et al.,
1979; Schaefer et al., 1982, 1984; Ulug et al., 1984, 1996;
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Garry, 1989a; Carrasco, 1995). While mitochondrial de-
generation and other signs of necrosis as well as con-
densed chromatin associated with apoptosis (pro-
grammed cell death) characterize lytic infection by each
of these viruses (Plymale et al., submitted), the cyto-
pathic effects induced by HIV-1, Sindbis virus and polio-
virus are distinct in other respects. HIV-1 induces an
increase in cell volume (balloon degeneration) during
cytolytic infection (Garry, 1989). Koch and colleagues
(Schaefer et al., 1982), demonstrated that poliovirus in-
fected initially induces a decrease in cell volume fol-
lowed by an increase, but the changes are modest
(,20%) compared to the large increase in cell volume
which occurs during acute infection by cytopathic strains
of HIV-1 (.2-fold). Sindbis virus does not induce large
changes in cell volume during cytolytic infection. Cell
volume homeostasis requires that the intracellular con-
centrations of the major monovalent cations, K1 and
Na1, remain within narrow limits (Agius et al., 1994;
Grinstein et al., 1994). Whereas the overall concentration
of monovalent cations in Sindbis virus- or poliovirus-
infected cells is not drastically changed (Garry et al.,
1979; Garry, 1989a), the net effect of increasing both K1
and Na1 may lead to the increase in cell volume after
acute infection by HIV-1 (Voss et al., 1996a). In contrast to
effects on HIV-1–induced cytopathology, high K1 me-
dium does not increase either Sindbis virus- or poliovi-
rus-induced cytopathology. The different effects of al-
tered K1 media on cytopathic changes induced by these
three lytic viruses indicate that their cytopathic strategies
involving monovalent cations are divergent.
It will be important to define the mechanisms by which
HIV-1 induces alterations in K1 and other ions and to
determine which viral proteins that are involved. A num-
ber of lytic virus proteins have been reported to function
as ion channels (Schlegel et al., 1991; Pinto et al., 1992),
and several HIV-1 proteins are potentially involved in
regulating intracellular ion concentrations. The carboxyl-
terminus of the HIV-1 transmembrane glycoprotein (TM)
resembles segments of Na1 and K1 channels, as well
as cytotoxic and neurotoxic proteins that act as ion
channels (Garry et al., 1991; Miller et al., 1991; Garry and
Koch, 1992). This region, known as lentivirus lytic peptide
type 1 (LLP-1), forms an amphipathic helix that can alter
ion permeability of artificial and natural membranes to
K1, Na1, and Ca21 and can induce cytolysis, osmotic
swelling, and T-cell necrosis and apoptosis (Cherno-
mordik et al., 1994; Arroya et al., 1995; Comardelle et al.,
1997). A second amphipathic helical domain, LLP-2, is
also present in the cytoplasmic domain of cytopathic
lentiviruses. Studies with SIV or HIV-2 variants in which
the carboxyl-terminal domain is truncated (Hirsch et al.,
1987) or studies with HIV-1 mutants will be informative as
to the role of these regions in HIV-1–induced alterations
in intracellular K1 and other ions. The surface glycopro-
tein (SU) of HIV-1 has been reported to perturb ion
transport in cells from the central nervous system (Lip-
ton, 1991b; Benos et al., 1994). Two other HIV-1–encoded
proteins, Vpu, which structurally resembles the M2 pro-
tein of influenza virus, and Vpr, have been reported to
have an ion channel activity (Piller et al., 1996; Schubert
et al., 1996; Lamb and Pinto, 1997), while Nef exhibits
structural and functional similarities to neuroactive pep-
tides that interact with monovalent cation channels
(Werner et al., 1991). Ion channels are well-known targets
for specific inhibition by drug action, and this viral ion
channel activity provides a well-defined target for new
antiviral chemotherapeutics (Lamb and Pinto, 1997).
Treatments that block or compensate intracellular ionic
changes mediated by HIV-1 proteins may protect in-
fected cells from balloon degradation or other cytopathic
effects and could also decrease HIV-1 production
thereby providing a clinical benefit.
MATERIALS AND METHODS
Cells, viruses, and media
Cells of the RH9 subclone of the CD41 human T-
lymphoblastoid cell line H9 were cultured in RPMI 1640
supplemented with 10% Serum Plus (JHR Biosciences),
penicillin (100 U/ml), and streptomycin (100 mg/ml).
COS-7 cells used for transfection experiments were ob-
tained from the American Type Culture Collection and
maintained in Dulbecco’s modified Eagle medium sup-
plemented with 10% fetal bovine serum (GIVCO BRL,
Long Island, NY) and antibiotics.
HIV-1 strain LAI was propagated in chronically in-
fected RH9 cells. HIV-1 stocks were titered by limiting
dilution, frozen in aliquots at 270°C and used at a m.o.i.
of approximately 4. Virus production by infected cells
was quantitated by a HIV-1 antigen capture enzyme-
linked immunosorbant assay (ELISA; Abbott Laborato-
ries). Cytopathic effects of HIV-1 infection of RH9 cells
were analyzed by microscopic assessment of syncytium
formation and single cell killing and representative pho-
tomicrographs were taken with a Polaroid camera.
Peripheral blood mononuclear cells were isolated
from the whole blood of healthy donors by centrifugation
in lymphocyte-separating medium (Organon Teknica,
Durham, NC). PBMC were washed and then cultured in
RPMI 1640 medium supplemented with 10% heat-
inactivated fetal bovine serum, phytohemagglutinin
(PHA, 0.5 mg/ml), and recombinant interleukin-2 (30 U/ml)
for 2 days prior to infection with a primary HIV-1 isolate,
92HT596 (B subtype, syncytium-induced biotype). This
HIV-1 primary isolate was obtained form the AIDS re-
search and Reference Reagent Program, Division of
AIDS, NIAID, NIH.
The concentration of K1 in RPMI 1640 medium is
approximately 5 mM. Media containing various KCl con-
centrations were prepared from individual components
of RPMI 1640 SELECT-AMINE Kit (GIBCO BRL) as previ-
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ously described (Garry et al., 1979, 1986; Garry, 1994).
Media used in these studies were prepared by adding
KCl to RPMI, which lacked KCl to attain the indicated
concentrations of K1. The concentration of Na1 was
decreased from 134 to 62 mM in these altered K1 media
because hypertonic medium inhibits protein synthesis
(Garry et al., 1979; Saborio et al., 1974).
Cell viability assay (MTT assay)
The ability of viable cells to convert 3-(4,5-dimethyl-
thiazol-2-yl)-3,5-diphenyltertrazolium bromide (MTT) to a
colored product was determined as previously described
(Mosmann, 1983). MTT is cleaved by functional mito-
chondria to form a dark blue formazan product that can
be solubilized in acidic isopropanol and quantitated
spectrophotometrically. Cells (100 ml) were placed in a
96-well plate, and MTT (0.45 mg/ml) dissolved in PBS
was added to each well. After 4 h at 37°C in a CO2
incubator, 100 ml of 0.04 N HCl-isopropanol was added to
each well, and the optical densities at 550 nm were
quantitated in a microtiter plate reader.
Nucleic acid preparation and PCR analysis
Polymerase chain reaction (PCR) analysis by a modi-
fication of previously described techniques (Arrigo et al.,
1989; Zack et al., 1990) was performed to quantitate HIV-1
DNA synthesis. HIV-1- and b-globin–specific primers
M667, M661, AA55, LA1, and LA2 were also previously
described (Zach et al., 1990). HIV-1 stocks were filtered
through a 0.45-mm–pore-size filter and treated with 2
mg/ml RNase-free DNase I (Worthington) in the presence
of 0.01 M MgCl2 for 30 min at 37°C. This eliminates
contaminating HIV-1 DNA originating from the lysis of
infected cells used for preparation of virus stocks. Heat-
inactivated virus controls were prepared by incubation
for 30 min at 65°C and used to further control the back-
ground of HIV-1 DNA in the viral inocula. Cells were
lysed in urea lysis buffer [4.7 M urea, 1.3% (wt/vol) so-
dium dodecyl sulfate, 0.23 M NaCl, 0.67 mM EDTA (pH
8.0), 6.7 mM Tris-HCl (pH 8.0)], followed by phenol-chlo-
roform extraction and ethanol precipitation and DNA was
resuspended in water. Each PCR reaction contained 10
ml of the DNA added to 15 ml of PCR buffer [25 mM Tris
(pH 8.0), 2.0 mM MgCl2, 50 mM NaCl, 0.1 mg of bovine
serum albumin per ml, 0.25 mM of each of the four
dNTPs, 25 ng sense primer 667 59 end-labeled with 32P,
50 ng of anti-sense primer 661 or AA55, and 1.25 U of Taq
DNA polymerase (Gibco BRL)], in a total volume of 25 ml.
After denaturation (5 min at 95°C), the amplification was
carried out for 25 cycles of denaturation for 1 min at 94°C
and annealing-extension for 2 min at 65°C on a Perkin–
Elmer thermocycler. HIV-1 DNA standard curves were
derived using cloned HIV-1JR–CSF DNA (Cann et al.,
1988) which was linearized with EcoRI and diluted into
carrier tRNA (4 mg/ml). To normalize for the amounts of
cellular DNA present in the PCR amplifications, a pair of
primers complementary to the first exon of the human
b-globin gene was used in each reaction mixture. Dilu-
tions of total cellular DNA (10 ng to 1 mg) isolated from
uninfected RH9 cells was used as standard curves for
b-globin DNA. Conditions for b-globin PCR were identi-
cal to HIV-1 PCR except 20 cycles were used with prim-
ers LA1 and LA2. Following amplification, radiolabeled
PCR products were separated by electrophoresis on a
6% nondenaturing polyacrylamide gel and visualized by
autoradiography and phosphoimaging. PCR products
were quantitated using NIH image software version 1.60.
Generation of pseudotyped HIV-1
To generate infectious HIV-1 virions capable of only a
single round of replication, HIV-1–gpt, an envelope-
negative construct, was pseudotyped with HXB2-env, an
envelope expression vector, by cotransfection into the
COS-7 cells. HIV-1–gtp and HXB2-env were provided by
Dr. Kathleen Page and Dr. Dan Littman (Page et al., 1990)
via the AIDS Research and Reference Reagent Program,
Division of AIDS, NIAID, NIH. Transfection of plasmid
DNA was performed using Lipofectamine as described
by the manufacturer (GIBCO BRL). COS-7 cells were
washed once with DMEM prior to addition of DNA-lipid
complexes. Plasmid DNA was incubated with Lipo-
fectamine at room temperature for 45 min, mixed with
DMEM, and added to subconfluent COS-7 cells (2.5 3
105/well of a 6-well plate). Transfected cells were incu-
bated at 37°C for 5 h, at which time an equal volume of
media containing 20% fetal bovine serum was applied to
each well. After 18 h, this medium was replaced with
fresh DMEM containing 10% fetal bovine serum and
antibiotics. COS-7 culture supernatants were harvested
from 48 to 72 h after transfection, filtered through a
0.45-mm membrane, and used without freezing. Virus
stocks were subjected to treatment with RNase-free
DNaseI (2 mg/ml) (Worthington) for 30 min at 37°C in the
presence of 0.01 M MgCl2 to remove contaminating
transfected plasmid DNA. For infection with pseudotyped
HIV-1, DNase-treated transfection supernatants (60 ng of
HIV-1 antigen) were mixed with Polybrene (10 mg/ml) and
incubated with 107 H9 cells for 3 h at 37°C.
SDS-PAGE and Western immunoblot analysis
Analysis of HIV-1 proteins by Western blotting was
performed as described previously (Garry, 1988). HIV-1-
and mock-infected cells were incubated in altered K1
media, harvested at indicated times, and dissolved in
lysis buffer [0.25 M Tris Base, pH 6.8, containing 4%
sodium dodecyl sulfate, 10% dithiothreitol, 20% glycerol,
and 0.01% (wt/vol) bromphenal blue]. Equal amounts of
the cell extract from each sample were heated to 100°C
for 3 min and subjected to SDS-PAGE on a 10% poly-
acrylamide gel. The proteins were transferred electro-
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phoretically to a nitrocellulose membrane (Protran;
Schleicher and Schuell) in Tris-glycine (pH 8.3) buffer
with 20% methanol. The blots were incubated overnight
in blotting buffer (0.02 M Tris, 0.1 M NaCl, heat-inacti-
vated goat serum, 0.01% thimerosal, and 5% nonfat dry
milk) with primary rabbit antibodies to HIV-1 gp120 (1:50
dilution), HIV-1 p24 (1:100), or anti-RH9 proteins (a 1:100),
or a HIV-1–seropositive patient serum (1:100). Incubation
with secondary antibodies, biotinylated anti-rabbit or an-
ti-human IgG goat antibodies diluted 1:500 or 1:1000 in
blotting buffer, and with avidin-horseradish peroxidase
were for 2 h at room temperature. The immunoblots were
developed with 7.8 mM 4-chloro-1-napthol and 0.03%
hydrogen peroxide. Bands corresponding to known
HIV-1 proteins were quantitated by scanning and pro-
cessed with image.
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